ABSTRACT BENEKE, R., and M. HÜ TLER. The Effect of Training on Running Economy and Performance in Recreational Athletes. Med. Sci. Sports Exerc., Vol. 37, No. 10, pp. 1794 -1799, 2005. Purpose: To analyze the effect of an 8-wk training program on the energy cost of running (C) and the performance of 16 recreational males. Methods: A training group (TG, N ϭ 8, 25.3 Ϯ 2.9 yr, 183.6 Ϯ 7.3 cm, 80.9 Ϯ 9.6 kg) and a control group (CG, N ϭ 8, 24.3 Ϯ 3.7 yr, 179.3 Ϯ 6.1 cm, 75.5 Ϯ 8.0 kg) performed three two-stage tests (TST) at weeks 0, 4, and 8 (W0, W4, W8). Speeds of the first (v-slow) and second stage (v-fast) were 2.4 Ϯ 0.3 vs 2.5 Ϯ 0.4 m⅐s Ϫ1 and 3.7 Ϯ 0.3 vs 3.9 Ϯ 0.4 m⅐s Ϫ1 (TG vs CG), respectively. Maximum running time at v-fast (T) served as the measure of performance. C was calculated from oxygen uptake above rest, blood lactate concentration, and speed. The TG trained 3-5ϫ wk Ϫ1 at an HR of Ϯ10 ). Conclusion: The training successfully increased running performance in terms of T. During the initial training period, C could be reduced at the speed predominantly used in training. However, at high running speeds, C may even increase if the corresponding running time is largely increased. Key Words: HUMAN LOCOMOTION, ENERGY COST, OXYGEN UPTAKE, LACTATE, VELOCITY, ADAPTATION R unning performance is limited by the potential to provide the energy required to cover a given distance via aerobic and anaerobic metabolism (11, 12) . Consequently, the energy cost per unit of body mass and distance (C) serves as integral measure of both the metabolic and the biomechanical demands of running. Previous studies have shown that C is essentially the same in sedentary and athletic subjects (10,22); however, such statements were primarily based on cross-sectional studies with contradictory results (6, 10, 17, 20, 22, 25) . Retrospective and prospective noninterventional studies analyzing training programs for running events ranging from 800 m to the marathon distance (6,13) suggest that improvements related to the metabolic energy system or to C may be sensitive to different training stimuli. Subtle reductions in C may be a factor in differentiating between successful and unsuccessful competitive runners who have an equal metabolic potential.
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A longitudinal experimental design is needed to either identify or exclude the potential effects of training on C.
However, such studies on running economy are rare. A decrease in C was observed following running training in some studies (7, 21, 24) , yet in other studies no training effect on C was found (16, 18, 19, 26) . Such contradictory findings may be attributable to several methodological inconsistencies between the studies. For instance, a range of different methods were used to assess running economy, a variety of training interventions were used, and groups of subjects were used that differed in terms of age and fitness. Consequently, the question of whether and how C can be systematically improved remains unanswered.
We conducted a longitudinal intervention study that combined a specifically designed training program (1) with repeated testing sessions in order to discriminate between the distinct training effects on exercise metabolism and C in recreational runners. We tested the following hypotheses: 1) Improvement of C will be specific to the velocity domain emphasized during the running training; 2) The effect on C will be higher during the initial training period compared to subsequent training periods with an identical mode of training; and 3) Running performance will improve due to metabolic adaptations, independently of any effects on C that might be observed during the later training period. human subjects as approved by the local ethics committee. All participants were healthy but not physically active. They had not participated in any kind of running training for at least 2 yr before the study commenced and were randomly assigned to either a training group (TG) or a control group (CG). Both groups were almost identical in age, height, and body mass, and there was no difference in running performance level at the start of the project (Table 1) . Initially, all subjects performed an incremental load test (ILT) to determine the speed for the three subsequent two-step tests (TST) at weeks 0, 4, and 8 (W0, W4, W8). The CG did not train; however, the TG performed a classically designed 8-wk training program (1) commencing at week 1.
All tests were conducted on an electronically driven treadmill (Ergo XELG2, Woodway, Germany) in an airconditioned room (21°C, 60% humidity). The ILT started with a 3-min resting reference phase. The initial running velocity was set 2.2 m⅐s Ϫ1 . The speed was increased stepwise by 0.4 m⅐s Ϫ1 every 3 min until volitional exhaustion. After each step, the running was interrupted for 30 s for capillary blood sampling.
The first stage of each TST lasted 6 min. The speed of this first stage (v-slow) corresponded to the speed at a blood lactate concentration (BLC) of 3.0 mmol⅐L Ϫ1 determined in the ILT. After a 30-s rest, the second step of each TST started. The second stage of the TST contained two phases, both at a speed identical with the highest velocity (v-fast) that could be maintained for 3.0 min during the initial ILT. Phase 1 was used for determination of C at v-fast during a nonexhaustive 3.0-min run. After a subsequent 30-s rest for capillary blood sampling, the second phase started and lasted until the subject reached volitional exhaustion and was unable to continue running. The second phase was used to assess C during an exhaustive run at v-fast.
Respiratory gas exchange measures were recorded continuously during the entire protocol (Oxycon Gamma, Mijnhard, The Netherlands). The metabolic cart was calibrated using gases of a known concentration and a syringe before each test. The breath-by-breath oxygen uptake data for stage 1 and both running phases of stage 2 of the TST was reduced to 10-s stationary averages and described using a single exponential model:
where V O 2 (t) is the oxygen uptake over time, V O 2SS the oxygen uptake of the final 30 s, and V O 20 the oxygen uptake at the beginning of the corresponding running phase. Integration was used to give the volume of oxygen (VO 2 ) used for each phase of running. The corresponding oxygen deficit (VO 2DEF ) was estimated as the difference between V O 2SS multiplied by running time minus VO 2 .
Twenty microliters of capillary blood samples were drawn from the hyperemic earlobe (Finalgon ® , Thomae, Boehringer, Ingelheim, Germany) immediately before the start of each test, during each 30-s break, and after test termination. Blood samples were analyzed for BLC (Ebio Plus, Eppendorf, Hamburg, Germany). Net lactate concentration (⌬BLC) was defined as the difference between preand postrun levels of each phase of running. The maximum running time at v-fast (T) served as measure of training success in terms of performance capacity.
Metabolic energy (W) and C were calculated from respiratory measures, BLC, and running speed. W was calculated from VO 2 above rest, caloric equivalent adjusted to the corresponding respiratory exchange ratio, ⌬BLC, and body mass by W (J) ϭ VO 2 (mL) caloric equivalent (J⅐mL Ϫ1 was used, which is compatible with a lactate distribution space of approximately 45% of body mass (3, 4) . C was calculated as C (J⅐kg
Training program. The 8-wk running training program comprised three training sessions in week 1, four training sessions per week during weeks 2-6, and five training sessions during weeks 7 and 8. Participants never completed more than one training session in a single day. During the initial 4 wk, each training session lasted 20 -30 min. The duration was increased to 45-60 min during weeks 5-8. The intensity of training was monitored via HR control (Sport tester PE 3000, Polar, Finland). Training intensity began at 50% of the HR reserve during week 1 and was progressively increased to an intensity of 60 -75% of the HR reserve during week 8. The resulting level of the training HR was in the range of approximately 10 bpm below and up to 10 bpm above the HR that had been measured at the first stage of the initial TST (161 Ϯ 12 bpm). Most of the training was prolonged running at almost constant speeds. Only one training session per week contained repeated short-duration bouts of faster running up to 300-m distances. In weeks 4 and 8, the corresponding TST sessions served as an equivalent for those training sessions with faster running speeds. Statistical analysis. All results are described as mean Ϯ SD. Trial-by-group (3 ϫ 2) within-and between-subjects ANOVA were used to analyze all data measured at v-slow and v-fast. Trial (W0, W4, and W8) was the within-subjects factor; group (CG, TG) was the between-subjects factor. Significance was defined as P Ͻ 0.05. Significant interactions and trial main effects were further analyzed using paired samples t-tests with a Bonferroni adjusted alpha level as required. Significant group main effects were analyzed using independent samples t-tests.
RESULTS
At W0, there was no difference between CG and TG in measures of exercise metabolism or performance (Tables  1-3 and Figs. 1-3) . The TG performed 29 Ϯ 4 training sessions. In both groups, body mass was unchanged during the 8-wk program (Table 1) .
In the TG, BLC and the ⌬BLC at W4 were lower (P Ͻ 0.01) than at W0 (Table 2 and Fig. 2 ). No differences were found in the CG. A trial main effect and a trial-by-group interaction were detected for V O 2SS and VO 2DEF ; however, post hoc analyses did not reveal significant differences (Fig.  1) . VO 2 , W, and C were lower (P Ͻ 0.01) in the TG at W4 and W8 compared with W0 (Table 2) .
No effect of training on V O 2SS during the first or second phase of v-fast was detected (Fig. 1) . However, VO 2DEF was consistently lower (P Ͻ 0.003) during the second phase of v-fast compared with the first phase (Table 3) . BLC and ⌬BLC decreased (P Ͻ 0.001) during the first phase of v-fast in the TG but not in the CG; however, there was no change in BLC and 2 ), oxygen deficit (V O 2DEF ), increase of blood lactate (⌬BLC), metabolic energy (W), and energy cost of running (C) in control (CG) and training group (TG) at v-fast, week 0, 4, and 8 (W0, W4, and W8), initial 3 min (Phase 1), and up to test termination (Phase 2). ⌬BLC during the second phase of v-fast in either group (Fig.  2) . In the TG, W was increased (P Ͻ 0.001) at the second phase of v-fast at W8, whereas no changes in W were seen in the CG. In both groups, C appeared to always be higher (P Ͻ 0.001) in the second phase of v-fast than in the first phase. Furthermore, at W8, C was higher (P Ͻ 0.001) in the TG than in the CG during the second phase of v-fast (Table 3) . T increased (P Ͻ 0.001) from W0 to W4 and almost continuously further to W8 in the TG. In the CG, there was only a slight increase (P Ͻ 0.01) to W4, which could not be reproduced at W8 (Fig. 3) .
DISCUSSION
The present study clearly demonstrates that training can improve running economy. A decrease in C of approximately 10%, observed in the TG at training running velocities, reduced reliance on anaerobic lactic energy during the initial testing phase at W4 and W8 by approximately 24%. Furthermore, it decreased VO 2 by 9 -10% (Table 2) . Consequently, the first hypothesis, that an effective intervention on C requires training, which is specific for the tested running velocity, is strongly supported. This result supports previous findings that prolonged low-intensity running is less effective than high-intensity interval training at lowering C in endurance runners tested at race speed (23) . The improvements of C in response to training do not seem to be confined to moderate-or high-intensity modes of exercise. For instance, decreases in C during walking were observed among chronic heart failure patients after a walking program emphasizing the specific walking velocity (5). Therefore, other studies that were not successful in modulating C need cautious interpretation. Such findings do not necessarily mean that C does not respond to training at all, but rather highlights the importance of using specific training intensities to do so. The second hypothesis, that the effect on C is higher during the initial phase of a training period than during subsequent periods with an identical mode of training, is also clearly supported. This obviously contradicts a most recent statement that a long period of a specific type of training is required for a successful change in C (23). Furthermore, the present results give support to the third hypothesis, that in a subsequent training period, the running performance may increase due to ongoing metabolic adaptations without any favorable effects on C. Lower levels of BLC after the first phase of v-fast combined with almost similar levels of BLC after the longer second phase of v-fast in the TG indicate that the increase in running performance in terms of T at v-fast was the result of a higher rate of oxygen consumption, which limited the coinciding increase in BLC per time (Figs. 1-3 and Table 3 ).
Interestingly, this improvement was combined with an increase in C at W8 (Table 3) ; however, this does not necessarily indicate unfavorable training effects on C at high running speeds. It is more likely that this effect was attributable to the slow component of V O 2 typically seen at this intensity of exercise. The idea of a slow component effect is strongly supported by a higher (P Ͻ 0.001) level of V O 2SS during the second rather than the first phase of v-fast at W8 in the TG and the consistently higher C during the second rather than the first phase of v-fast in both groups ( Fig. 1 and Table 3 ). In the present study, it was not possible to calculate the slow component of V O 2 because the running protocol was interrupted for BLC sampling purposes. After a restart, the amplitude of the phase 2 component of the V O 2 is increased combined with a decrease in the amplitude of the corresponding slow component (2, 8, 15) . A combination of the latter effects renders the present V O 2 data unsuitable for analysis using a biexponential model. The observed differences in C and V O 2SS between selected phases of the test possibly also indicate that the presently applied and generally accepted method for the calculation of C (6) slightly underestimates C because it does not consider energy derived from the breakdown of phosphocreatine (PCr). However, in both groups of runners, v-slow was at moderate-intensity exercise, which implies that after an initial short period of adaptation the running can be performed exclusively based on aerobically derived energy. The combined use of alactic, lactic, and aerobic components of the energy system is only required until the corresponding V O 2SS has been reached after 2-3 min of exercise. Thus, at the end of the 6-min period of running at v-slow, the V O 2SS above resting should adequately match the metabolic energy required at this speed. Consequently, at W0 the V O 2SS at the end of v-slow indicates a metabolic cost of approximately 304.9 kJ, which is approximately 5.5% higher than that shown in Table 2 combined with a similar increase in C up to approximately 4.3 J⅐kg Ϫ1 ⅐m Ϫ1 in both groups at W0. The corresponding VO 2DEF was equivalent to approximately 24.3 kJ. The latter was partly compensated by the energy provided by the increase in BLC, which was approximately 9.3 kJ. The remaining deficit in energy of approximately 15 kJ represents the contribution of PCr breakdown. Assuming that the runners who were tested had a relative muscle mass of approximately 40%, this is equivalent to a decrease in PCr of approximately 6.9 mmol⅐kg Ϫ1 of muscle, combined with approximately 3.1 and 92.0% energy provided by anaerobic lactic and the aerobic metabolism. In the TG, the decrease in C had no effect on the relative contribution of the PCr system, which therefore remained almost constant in both groups at W4 and W8.
At test termination, the levels of BLC were consistently in the magnitude of 12 mmol⅐L Ϫ1 in both groups (Fig. 2) . This not only indicates impressive commitment throughout the whole study in both groups, but also demonstrates that running at v-fast required significantly more energy than that provided via V O 2SS . Whereas the PCr breakdown can be considered to be the main anaerobic source of energy at the beginning of each running phase, due to its limited capacity, the reliance on energy from the PCr breakdown soon subsides (14) . It can therefore be assumed that after the initial few minutes of running at anaerobic velocities, energy cost is more or less equivalent to the metabolic rate represented by the V O 2SS plus the rate of anaerobic energy causing the increase in BLC (14) . At W0, the latter calculation gives a level of C of approximately 4.5 J⅐kg Ϫ1 ⅐m Ϫ1 at the second phase of v-fast. The corresponding VO 2DEF was equivalent to approximately 22.8 kJ. This scenario would have required a contribution of PCr breakdown of approximately 10.4 mmol⅐kg Ϫ1 of muscle. Thus, the relative contribution of energy during the second phase of v-fast that was derived from PCr breakdown, increase of the BLC and VO 2 remained almost unchanged in the CG in all trials and in the TG at W0, with values of approximately 9.1, 8.6, and 82.3%, respectively. However, in the TG, the combined training effect on V O 2SS and T indicated a favorable change toward aerobic metabolism with relative fractions of anaerobic alactic, anaerobic lactic, and aerobic energy of approximately 5.8, 6.9, and 87.3% at W4 and 3.9, 5.9, and 90.2% at W8, respectively. V O 2SS at the end of the first phase of v-fast was always lower than that at test termination. Consequently, VO 2DEF was always underestimated. Furthermore, the first phase of v-fast required a higher relative contribution of anaerobic alactic energy, equivalent to a decrease in muscular PCr of approximately 16 mmol⅐kg
Ϫ1
and also of anaerobic lactic energy. Anaerobic lactic energy compensated the lower aerobic component, which resulted in approximately 15, 10, and 75%, respectively, of anaerobic alactic, anaerobic lactic, and aerobic energy, irrespective of the group and testing date with hardly any detectable training success at this phase of each test (Table 3 ).
In conclusion, the present study clearly demonstrates that training can improve C. However, improvement of C requires training that is specific for the running velocity. The effect on C is higher during the initial phase of a training period than during subsequent periods with an identical mode of training. The calculation of C based on the accumulated VO 2 during the run and the corresponding increase in BLC seems to underestimate C at moderate-and highintensity exercise. At moderate exercise intensity, C should be calculated based on the V O 2SS . If running requires some contribution of the anaerobic energy system, V O 2SS at test termination and increases in BLC during the run seem to represent reasonably well the energy cost of running. Improvement of C and running performance in terms of T are not necessarily coincidental. The increase in T was the result of a higher rate of oxygen consumption, which limited the coinciding increase of the BLC per time, rather than any change in C at a slower running speed.
